A 3D graphical representation of DNA sequences and its application  by Liao, Bo & Ding, Kequan
Theoretical Computer Science 358 (2006) 56–64
www.elsevier.com/locate/tcs
A 3D graphical representation of DNA sequences and its
application
Bo Liaoa,∗, Kequan Dingb
aSchool of Computer and Communication, Hunan University, Changsha, Hunan 410082, China
bScience 100, Graduate School of the Chinese Academy of Sciences, Beijing 100049, China
Received 21 December 2004; received in revised form 18 July 2005; accepted 30 December 2005
Communicated by A. Condon
Abstract
A 3D graphical representation of DNA sequences has been derived from mathematical denotation of DNA sequence. The 3D
graphical representation also avoids loss of information accompanying alternative 2D and 3D representation in which the curve
standing for DNA overlaps and intersects itself. The geometrical centers of the 3D graph of DNA sequences indicate the distribution
of base frequencies. An interesting phenomenon is observed for Goat and Gallus -globin genomes with high G+C content. The
examination of similarities/dissimilarities among the coding sequences of the ﬁrst exon of-globin gene of different species illustrates
the utility of the approach.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction
Mathematical analysis of the large volume of genomic DNA sequence data is one of the challenges for bio-scientists.
Several authors present matrix representation and characterization sequence representation [4,5], but these approaches
do not allow visual inspection of data. Graphical representation of DNA sequence provides a simple way of viewing,
sorting and comparing various gene structures.
Recently, graphical techniques have emerged as a very powerful tool for the visualization and analysis of long
DNA sequences. These techniques provide useful insights into local and global characteristics and the occurrences,
variations and repetition of the nucleotides along a sequence which are not as easily obtainable by other methods.
Several authors outlined different 2D graphical representation of DNA sequences [21,6–8,12,20,17,15,13,22,18,1–4].
Nandy [12] presents a graphical representation by assigning A(adenine), G(guanine), T(thymine), and C(cytosine) to
the four directions of orthogonal axes in two dimensions, (−x), (+x), (−y), (+y), respectively. Such a representation
of DNA is accompanied by (1) some loss of visual information associated with crossing and overlapping of the resulting
curve by itself; (2) an arbitrary decision with respect to the choice of the direction for the four bases. The H-curve [4]
is a 3D graphical representation of DNA sequences. The basic rule for constructing the H-curve is to move one unit
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Table 1
The coding sequences of the ﬁrst exon of -globin gene of 11 different species
Species Coding sequence
Human ATGGTGCACCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGTGGGGCAAGGT
GAACGTGGATTAAGTTGGTGGTGAGGCCCTGGGCAG
Goat ATGCTGACTGCTGAGGAGAAGGCTGCCGTCACCGGCTTCTGGGGCAAGGTGAAAGT
GGATGAAGTTGGTGCTGAGGCCCTGGGCAG
Opossum ATGGTGCACTTGACTTCTGAGGAGAAGAACTGCATCACTACCATCTGGTCTAAGGT
GCAGGTTGACCAGACTGGTGGTGAGGCCCTTGGCAG
Gallus ATGGTGCACTGGACTGCTGAGGAGAAGCAGCTCATCACCGGCCTCTGGGGCAAGGT
CAATGTGGCCGAATGTGGGGCCGAAGCCCTGGCCAG
Lemur ATGACTTTGCTGAGTGCTGAGGAGAATGCTCATGTCACCTCTCTGTGGGGCAAGGT
GGATGTAGAGAAAGTTGGTGGCGAGGCCTTGGGCAG
Mouse ATGGTTGCACCTGACTGATGCTGAGAAGTCTGCTGTCTCTTGCCTGTGGGCAAAGG
TGAACCCCGATGAAGTTGGTGGTGAGGCCCTGGGCAGG
Rabbit ATGGTGCATCTGTCCAGTGAGGAGAAGTCTGCGGTCACTGCCCTGTGGGGCAAGGT
GAATGTGGAAGAAGTTGGTGGTGAGGCCCTGGGC
Rat ATGGTGCACCTAACTGATGCTGAGAAGGCTACTGTTAGTGGCCTGTGGGGAAAGGT
GAACCCTGATAATGTTGGCGCTGAGGCCCTGGGCAG
Gorilla ATGGTGCACCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGTGGGGCAAGGT
GAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGG
Bovine ATGCTGACTGCTGAGGAGAAGGCTGCCGTCACCGCCTTTTGGGGCAAGGTGAAA
GTGGATGAAGTTGGTGGTGAGGCCCTGGGCAG
Chimpanzee ATGGTGCACCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGTGGGGCAAGGTG
AACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGGTTGGTATCAAGG
along one of the four directions (NW, NE, SE, and SW) representing four bases in xy-plane, and one for each unit in the
z-direction. H-curve can uniquely represent a DNA sequence, while it requires 2D projection or 3D stereo projections
of DNA sequences. Randic [17,15,18] and Liao [21,6–8,10] present some 3D and 2D graphical representations, which
also avoid the limitations associated with crossing and overlapping. But these representations are accompanied by the
computations of L/L matrix and leading eigenvalue, which need a large number of time and space.
In this paper, we introduce a new 3D graphical representation of DNA primary sequences, in which there is also
no loss of information in the transfer of data from a DNA sequence to its mathematical representation (Table 1). Our
approach is different than that of H-curve and Z curve [22]. The graphical representation we introduced is simple and
direct, and requires no 2D projection or 3D stereo projections for it; however, it cannot uniquely represent a DNA
sequence. Using our approach, one can ﬁnd that the computation is simple.
2. 3D graphical representation of DNA sequences
We assign four nucleic acid bases as follows:
(−1, 0, 0) −→ A, (1, 0, 0) −→ G, (0,−1, 0) −→ T, (0, 1, 0) −→ C
That is to say, we assignA(adenine), G(guanine), T(thymine) and C(cytosine) to −x,+x,−y, and +y, respectively,
while the corresponding curve extends along with z-axis. In detail, let G = g1g2 · · · gn be an arbitrary DNA primary
sequence. Then we have a map , which maps G into a plot set. Explicitly, (G) = (g1)(g2) · · ·(gn), where
(gi) =
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(
−1, 0, 1 − 1
i
)
if gi = A,
(
1, 0, 1 − 1
i
)
if gi = G,
(
0,−1, 1 − 1
i
)
if gi = T,
(
0, 1, 1 − 1
i
)
if gi = C.
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For example, the corresponding plot set of the sequence ATGGTGCACC is
{
(−1, 0, 0), (0,−1, 12 ), (1, 0, 23 ), (1, 0, 34 ), (0,−1, 45 ), (1, 0, 56 ), (0, 1, 67 ), (−1, 0, 78 ), (0, 1, 89 ), (0, 1, 910 )
}
.
We call the corresponding plot set characteristic plot set. The curve connecting all plots of the characteristic plot set
in turn is called characteristic curve.
Bases of DNA can be classed into groups, purine(A, G)/pyrimidine(C, T), amino(A, C)/keto(G, T) and
week-H bond(A, T)/strong-H band(G, C). We can obtain only three representations corresponding to the three
classiﬁcations.
Theorem. A DNA primary sequence is determined by any pair of its three characteristic curves.
Proof. Let G = g1g2 · · · be an arbitrary DNA primary sequence. Then we have a map j , j = 1, 2, 3, which maps G
into a set of triplets. Explicitly, j (G) = j (g1)j (g2) · · ·, where
1(gi) =
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(
−1, 0, 1 − 1
i
)
if gi = A,(
1, 0, 1 − 1
i
)
if gi = G,(
0,−1, 1 − 1
i
)
if gi = T,(
0, 1, 1 − 1
i
)
if gi = C,
2(gi) =
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(
−1, 0, 1 − 1
i
)
if gi = A,
(
1, 0, 1 − 1
i
)
if gi = C,
(
0,−1, 1 − 1
i
)
if gi = T,
(
0, 1, 1 − 1
i
)
if gi = G,
3(gi) =
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(
−1, 0, 1 − 1
i
)
if gi = A,
(
1, 0, 1 − 1
i
)
if gi = T,
(
0,−1, 1 − 1
i
)
if gi = G,
(
0, 1, 1 − 1
i
)
if gi = C.
Thus, every gi corresponds a triplet (1(gi),2(gi),3(gi)), from which the theorem follows immediately. Map
1,2,3 corresponds pattern ATGC, ATCG, AGTC, respectively. In Figs. 1–3, we show the three characteristic
curves representing the ﬁrst 10 bases of the human ﬁrst exon of -globin gene.
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Fig. 1. Corresponding curve of the sequence ATGGTGCACC, the dots denote the bases making up the sequence.
Fig. 2. Characteristic curve based on pattern ATCG.
Fig. 3. Characteristic curve based on pattern AGTC.
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3. Numerical characterizations
For any sequence, we have a set of points (xi, yi, zi), i = 1, 2, 3, . . . , N , where N is the length of the sequence.
Similar to Nandy’s index scheme [19], the coordinates of the geometrical center of the points, denoted by x0, y0 and
z0, may be calculated as follows:
x0 = 1
n
n∑
i=1
xi, y
0 = 1
n
n∑
i=1
yi, z
0 = 1
n
n∑
i=1
zi . (1)
Obviously, there are three geometrical centers: (Gn−An
n
, Cn−Tn
n
, 1 − 1+(1/2)+···+(1/n)
n
), (Cn−An
n
, Gn−Tn
n
,
1 − 1+(1/2)+···+(1/n)
n
), (Tn−An
n
, Cn−Gn
n
, 1 − 1+(1/2)+···+(1/n)
n
), which corresponds to patterns ATGC, ATCG, AGTC,
respectively. The direct biological meaning of x0, y0 and z0 is that they indicate the distribution of base frequencies.
For example, let the frequencies of basesA, C, G and T be a, c, g, and t, respectively. In patternATGC, x0 < 0 indicates
g < a, else g > a, while y0 < 0 indicates c < t , else c > t .
For any pattern, there are eight transforms. For example, in Fig. 4, we assign A, G, T and C to −x,+x,−y, and
+y, respectively, thus we get a characteristic curve (Fig. 1). If we assign A, C, T, G to −x,+x,−y,+y, respectively,
we can also obtain a characteristic curve (Fig. 2), which also represents the considered DNA sequence though they
are based on different order of the labels to the four semi-axes. In Fig. 5, we list two class transforms: rotation of 90◦
clockwise change and exchange. In Table 2, we present eight transforms and their corresponding geometrical center
(x0, y0, z0) based on pattern AGTC. In Table 3 we present the three geometrical centers of the ﬁrst exon of -globin
gene belonging to 11 species.
Observing Table 3, we can obtain some common features of 11 DNA primary sequences, respectively, that are
not easily visible from sequences themselves. For example, 0 appears in the three geometrical centers of goat, which
indicates c = t, c = a, t = a. We also can conclude that the number of base G is the largest among the frequency of
Fig. 4. Three patterns.
Fig. 5. Transforms.
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Table 2
The corresponding transform table of the coordinates of the geometrical center (x0, y0, z0) based on pattern AGTC
Transform x y z
AGTC x0 y0 z0
TGAC −x0 y0 z0
ACTG x0 −y0 z0
TCAG −x0 −y0 z0
GACT y0 x0 z0
CAGT −y0 x0 z0
GTCA y0 −x0 z0
CTGA −y0 −x0 z0
Table 3
Three geometrical centres of the ﬁrst exon of -globin gene belonging to 11 species
Species AGTC ACTG ATGC
Human (0.1957,−0.0217, 0.9445) (0.0217, 0.1522, 0.9445) (0.0435,−0.1739, 0.9445)
Goat (0.2093, 0, 0.9414) (0, 0.2093, 0.9414) (0,−0.2093, 0.9414)
Gallus (0.1630, 0.0978, 0.9445) (0.0543, 0.2065, 0.9445) (−0.0435,−0.1087, 0.9445)
Opossum (0.0870,−0.0217, 0.9445) (−0.0109, 0.0761, 0.9445) (0.0109,−0.0978, 0.9445)
Lemur (0.1739,−0.0870, 0.9445) (−0.0435, 0.1304, 0.9445) (0.0435,−0.2174, 0.9445)
Mouse (0.1809,−0.0319, 0.9455) (0.0319, 0.1170, 0.9455) (0.0638,−0.1489, 0.9455)
Rabbit (0.2222,−0.0444, 0.9435) (−0.0111, 0.1899, 0.9435) (0.0333,−0.2333, 0.9435)
Rat (0.1413,−0.0326, 0.9445) (−0.0217, 0.1304, 0.9445) (0.0109,−0.1630, 0.9445)
Bovine (0.2093,−0.0233, 0.9414) (−0.0116, 0.1977, 0.9414) (0.0116,−0.2209, 0.9414)
Gorilla (0.2151,−0.0108, 0.9450) (0.0215, 0.1828, 0.9450) (0.0323,−0.1935, 0.9450)
Chimpanzee (0.2000,−0.0381, 0.9501) (0, 0.1619, 0.9501) (0.0381,−0.2000, 0.9501)
occurrences of four letters for each sequence.An interesting phenomenon is also observed for Goat and Gallus -globin
genomes with high G+C content.
4. Application
In order to facilitate the quantitative comparison of different species in terms of their collective parameters, we
introduce a distance scale and an angle scale as deﬁned below.
Suppose that there are two species i and j, the parameters are x0k (i), y0k (i), z0k(i) and x0k (j), y0k (j), z0k(j), k = 1, 2, 3,
respectively. And (x01 , y01 , z01), (x02 , y02 , z02), (x03 , y03 , z03) corresponds to patterns ATGC, ATCG, AGTC, respectively.
We will illustrate the use of the 3D quantitative characterization of DNA sequences with an examination of similari-
ties/dissimilarties among the 11 coding sequences listed in Table 1. We construct a nine-component vector consisting
of the three geometrical centers. The underlying assumption is that if two vectors point to a similar direction in the
9D space, then the two DNA sequences represented by the nine-component vectors are similar. The similarities among
such vectors can be computed in two ways: (1) calculating the Euclidean distance between the end point of the vectors;
(2) calculating the correlation angle of two vectors. The distance dij between the two centers is
dij =
3∑
k=1
√
[x0k (i) − x0k (j)]2 + [y0k (i) − y0k (j)]2 + [z0k(i) − z0k(j)]2. (2)
The angle ij between the two lines is
cos ij =
∑3
k=1 (x0k (i)x0k (j) + y0k (i)y0k (j) + z0k(i)z0k(j))√∑3
k=1 [(x0k (i))2 + (y0k (i))2 + (z0k(i))2]
√∑3
k=1 [(x0k (j))2 + (y0k (j))2 + (z0k(j))2]
. (3)
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Table 4
The similarity/dissimilarity matrix for the coding sequences of Table 1 based on the Euclidean distances between the end points of the nine-
component vectors of the geometrical centers
Species Human Goat Gallus Opossum Lemur Mouse Rabbit Rat Bovine Gorilla Chimpanzee
Human 0 0.086956 0.176581 0.159761 0.106573 0.052022 0.85733 0.081354 0.081376 0.044067 0.040705
Goat 0 0.163421 0.214171 0.137573 0.138312 0.065844 0.121137 0.032881 0.051445 0.074499
Gallus 0 0.210688 0.262699 0.196944 0.222945 0.186949 0.192049 0.170538 0.199659
Opossum 0 0.176618 0.133561 0.224966 0.101899 0.211967 0.196419 0.178318
Lemur 0 0.118563 0.095381 0.092301 0.109162 0.123175 0.079893
Mouse 0 0.130732 0.087301 0.131318 0.095052 0.082292
Rabbit 0 0.125632 0.036202 0.062324 0.051984
Rat 0 0.112799 0.109191 0.084510
Bovine 0 0.052208 0.055569
Gorilla 0 0.045014
Chimpanzee 0
Table 5
The similarity/dissimilarity matrix for the coding sequences of Table 1 based on the angle between the nine-component vectors of the geometrical
centers
Species Human Goat Gallus Opossum Lemur Mouse Rabbit Rat Bovine Gorilla Chimpanzee
Human 0 0.052039 0.106123 0.095765 0.063938 0.031188 0.050735 0.048719 0.048664 0.025960 0.022893
Goat 0 0.097981 0.128315 0.082431 0.082857 0.039114 0.072323 0.019682 0.030748 0.044234
Gallus 0 0.126792 0.157797 0.118496 0.133299 0.112527 0.115164 0.102132 0.119233
Opossum 0 0.105675 0.080213 0.134027 0.061315 0.126933 0.117199 0.105297
Lemur 0 0.071112 0.056751 0.055058 0.065384 0.073706 0.047340
Mouse 0 0.077685 0.052587 0.078620 0.056560 0.048087
Rabbit 0 0.074274 0.021252 0.037103 0.030976
Rat 0 0.067234 0.064829 0.048833
Bovine 0 0.031209 0.032860
Gorilla 0 0.026644
Chimpanzee 0
Table 6
The similarity/dissimilarity matrix for the 11 mitochondrial sequences based on the angle between the nine-component vectors of the geometrical
centers
Species Chi Gor Hyl L. cat M. fas M. fus M. mul M. syl Pon S. sci T. syr
Chi 0 0.016398 0.043177 0.136883 0.044761 0.044271 0.054471 0.082273 0.069600 0.139029 0.171197
Gor 0 0.029479 0.142622 0.049338 0.046142 0.058463 0.088059 0.057636 0.142023 0.176220
Hyl 0 0.137209 0.050210 0.045159 0.057085 0.086243 0.062557 0.131051 0.168154
L. cat 0 0.094471 0.097969 0.084350 0.055800 0.188817 0.039467 0.039197
M. fas 0 0.018445 0.015740 0.042581 0.102343 0.094328 0.127302
M. fus 0 0.014535 0.043320 0.092126 0.101272 0.132821
M. mul 0 0.030110 0.106601 0.088258 0.119071
M. syl 0 0.134391 0.068556 0.092744
Pon 0 0.189540 0.223437
S. sci 0 0.042055
T. syr 0
Chi: Chimpanzee; Gor: Gorilla; Hyl: Hylobates; L. cat: Lemur catta; M. fas: Macaca fascicular; M. fus: Macaca fuscata; M. mul: Macaca mulatta;
M. syl: Macaca sylvanus; Pon: Pongo; S. sci: Saimiri sciureus; T. syr: Tarsius syrichta.
The smaller the Euclidean distance is, the more similar the DNA sequences are. And, the smaller the correlation
angle is, the more similar the DNA sequences are. That is to say, the distances or angles between evolutionary closely
related species are smaller, while those between evolutionary disparate species are larger.
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Fig. 6. Phylogenic tree.
Observing Tables 4 and 5, we ﬁnd gallus is very dissimilar to others among the 11 species because its cor-
responding row has larger entries. On the other hand, the more similar species pairs are goat–bovine, human–
gorilla, human–chimpanzee, gorilla–chimpanzee, goat–gorilla, rabbit–chimpanzee, human–mouse, bovine–gorilla, and
bovine–chimpanzee. Similar results have been obtained by Randic [16], He [5] and Liao [9–11]. Our approach also can
be applied to complete sequences. Using a similar method, we obtain the similarity/dissimilarity matrix (see Table 6)
for the 11 mitochondrial sequences belonging to different species.And the elements of the similarity matrix are used to
construct phylogenic tree using the maximum parsimony method. In Fig. 6, we show the phylogenic tree belonging to
11 species. Therefore, the classiﬁcation of species provided that the numbers of their coding sequences are sufﬁciently
large, and can be generally performed in terms of the two matrices as listed in Tables 4 and 5. In other words, with the
continuous increase in the number of coding sequences for various species, it is possible to perform the cluster analysis
by the distance and angle matrices.
5. Conclusion
High complexity and degeneracy are major problems in previous DNA sequence representations. Our representation
provides a direct plottingmethod to denote DNA sequences without degeneracy. From theDNAgraph, theA, T, G andC
usage as well as the original DNA sequence can be recaptured mathematically without loss of textual information. The
current 3D graphical representation of DNA sequences provides different approaches for both computational scientists
and molecular biologists to analyze DNA sequences efﬁciently. The advantage of our approach is that it allows visual
inspection of data, helping in recognizing major similarities among different DNA sequences. And the elements of the
similarity matrix are used to construct phylogenic tree.
Acknowledgments
The authors would like to thank the anonymous referees for many valuable suggestions that have improved this
manuscript.
64 B. Liao, K. Ding / Theoretical Computer Science 358 (2006) 56–64
References
[1] M.A. Gates, Simple DNA sequence representations, Nature 316 (1985) 219.
[2] X. Guo, A. Nandy, Numerical characterization of DNA sequences in a 2-D graphical representation scheme of low degeneracy, Chem. Phys.
Lett. 369 (2003) 361–366.
[3] E. Hamori, Novel DNA sequence representations, Nature 314 (1985) 585–586.
[4] E. Hamori, J. Ruskin, H curves, a novel method of representation of nucleotides series especially suited for long DNA sequences, J. Biol. Chem.
258 (1983) 1318–1327.
[5] P. He, J. Wang, Characteristic sequences for DNA primary sequence, J. Chem. Inf. Comput. Sci. 42 (2002) 1080–1085.
[6] B. Liao, A 2D graphical representation of DNA sequence, Chem. Phys. Lett. 401 (2005) 196–199.
[7] B. Liao, T. Wang, New 2D graphical representation of DNA sequences, J. Comput. Chem. 25 (11) (2004) 1364–1368.
[8] B. Liao, T. Wang, 3-D Graphical representation of DNA sequences and their numerical characterization, J. Molecular Structure: THEOCHEM
681 (2004) 209–212.
[9] B. Liao, T. Wang, Analysis of similarity of DNA sequences based on 3D graphical representation, Chem. Phys. Lett. 388 (2004) 195–200.
[10] B. Liao, T. Wang, Analysis of similarity of DNA sequences based on triplets, J. Chem. Inf. Comput. Sci. 44 (2004) 1666–1670.
[11] B. Liao, Y. Zhang, K. Ding, T. Wang, Analysis of similarity/dissimilarity of DNA sequences based on a condensed curve representation, J.
Molecular Structure: THEOCHEM 717 (2005) 199–203.
[12] A. Nandy, A new graphical representation and analysis of DNA sequence structure: I. Methodology and application to globin genes, Curr. Sci.
66 (1994) 309–314.
[13] A. Nandy, Two-dimensional graphical representation of DNA sequences and intron-exon discrimination in intron-rich sequences, Comput.
Appl. Biosci. 12 (1996) 55–62.
[14] M. Randic, Condensed Representation of DNA Primary Sequences, J. Chem. Inf. Comput. Sci. 40 (2000) 50–56.
[15] M. Randic, M.Vracko, N. Lers, D. Plavsic, Novel 2-D graphical representation of DNA sequences and their numerical characterization, Chem.
Phys. Lett. 368 (2003) 1–6.
[16] M.Randic,M.Vracko,N.Lers,Dejanplavsic,Analysis of similarity/dissimilarity ofDNAsequences basedonnovel 2-Dgraphical representation,
Chem. Phys. Lett. 371 (2003) 202–207.
[17] M. Randic, M.Vracko,A. Nandy, S.C. Basak, On 3-D graphical representation of DNA primary sequence and their numerical characterization,
J. Chem. Inf. Comput. Sci. 40 (2000) 1235–1244.
[18] M. Randic, M. Vracko, J. Zupan, M. Novic, Compact 2-D graphical representation of DNA, Chem. Phys. Lett. 373 (2003) 558–562.
[19] C. Raychaudhury, A. Nandy, Indexing scheme and similarity measure for macromolecular sequences, J. Chem. Inf. Comput. Sci. 39 (1999)
243–247.
[20] S.S.-T.Yan, J. Wang, A. Niknejad, C. Lu, N. Jin,Y.-k. Ho, DNA sequence representation without degeneracy, Nucl. Acids Res. 31 (12) (2003)
3078–3080.
[21] C. Yuan, B. Liao, T. Wang, New 3-D graphical representation of DNA sequences and their numerical characterization, Chem. Phys. Lett. 379
(2003) 412–417.
[22] R. Zhang, C.T. Zhang, Z-curve, an intuitive tool for visualizing and analyzing the DNA sequences, J. Biomol. Str. Dyn. 11 (4) (1994) 767–782.
